Experimental Measurements 1
Cylindrical plastic straws used for bovine semen cryopreservation were obtained from AB 2 Technology, Inc., Pullman, Washington, USA). The average external diameters, length and 3 thickness were D=2.81mm, L=124mm, e=0.21mm, respectively. 4
In order to determine the surface heat transfer coefficients at the straw-LN2 interface, the 5 straw was filled with ultra-pure, reverse-osmosis filtered water (Milli-Q, Milipore Corporation, 6
MA, USA) that freezes at 0 ±0.3ºC. The time-temperature curve was recorded using a 7 thermocouple type T (Copper-Constantan) placed at the central axis of the straw. The 8 outside diameter of the thermocouple was 0.22 mm. The straw containing pure water was 9 slowly swirled in Nitrogen vapor over the liquid nitrogen in a Dewar tank thus generating ice 10 crystals. Thermo-physical properties of ice in the temperature range of -2 to -194ºCwere 11 obtained from literature data [10] [11] . Once the freezing plateau region was completed, ice 12 was formed however to stabilize the initial temperature of the sample the straw was removed 13 from the Dewar Tank and then rapidly immersed in a thermostatic bath containing ethylene 14 glycol-water solution (30%v/v) at a constant temperature. Different experiments were carried 15 out fixing the initial temperature of ice between -2ºC and -9 ºC in the thermostatic bath. 16 Afterwards the straw was rapidly plunged in liquid nitrogen using the Dewar canisters. The 17 advantage of using ice in the straw is to avoid phase changes upon cooling (temperature 18 range of -2 ºC to -194ºC).The thermocouple was connected to an acquisition device 19 (TESTO, Germany). Figure 1 shows how the experimental arrangement. 20 21
Mathematical modeling 22
The system (plastic straw and internal material) can be described as two concentric finite 23 cylinders of different substances: the inner material being either ice or biological cells 24 (semen + extender) and the plastic straw. The partial differential equations that represent the 25 heat transfer in the fluid that is submitted to the freezing process (Eq. 1) and the plastic 26 support (Eq. 2) considering radial and axial coordinates have been thoroughly described in 27 Santos et al. [30] [31] , and are as follows: 28
where: T is temperature, ρ is the density, Cp specific heat, k thermal conductivity. 5
The subscript s corresponds to the inner material (ice or biological fluid) and p to the plastic 6 material. In the case of the plastic support the thermophysical properties (k p , ρ p ,Cp p ) are 7 considered constant; in contrast the inner material have temperature dependent thermal 8
properties. In the case of ice the phase change transition was not included in the studied 9 temperature range, however for the biological fluid that undergoes freezing, a highly non-10 linear mathematical problem is established [30] [31] . 11
The initial temperature condition was considered uniform in both material domains. 12
The convective boundary condition at the interface plastic support-LN2 is: 13
where h is the surface heat transfer coefficient, k p is the plastic thermal conductivity, T wall is 16 the variable surface wall temperature of the interface plastic support-LN2, T ext is the external 17 temperature (in this case the saturation temperature of LN2 at atmospheric pressure), n is 18 the normal outward vector, and T ∇ is the temperature gradient evaluated at the surface.
19
The numerical program calculates the temperature profile as a function of time, in the straw 20 and the fluid during the freezing process; especially the temperature at the wall which is 21 used in the prediction of the heat flux by applying the convective boundary condition. 22
A subroutine that enables the introduction of a variable h value with time was coded in 23
Matlab language in the main program which was originally generated in the commercial 24 software COMSOL. This subroutine allows the prediction of an h value for each boiling 1 regime. 2 Different heat transfer coefficients were introduced to simulate the temperature-time curve 3 for straws; experimental and predicted temperatures for each proposed h were compared. 4
The heat transfer coefficient that minimized the Residual Sum of Squares given by Eq. (4) As can be observed there is a lack of agreement between the experimental and predicted 23 temperatures when a single constant value of h was used over the entire cooling curve. 24
However good agreement was achieved considering two regime stages during the cooling of 25 straws. Note that since ice was used from the beginning, no plateau region is observed. The 26 cooling curve showed an abrupt change in the slope which is attributed to the transition of 27 film into nucleate boiling regime. This change in the cooling slope was also reported in other 1 experiments with stainless steel blocks immersed in liquid Nitrogen [18] . The change in the 2 rate of cooling can be attributed to the presence of two different regimes, first film and then 3 nucleate boiling. During pool film boiling the excess wall temperature (∆T) is at its maximum 4 and the h that best fitted all experimental results were in average h=151.25 W/m 2 K for ice. 5
During nucleate boiling a rapid drop of the temperature was observed and the h value of 6 1347 W/m 2 K gave the best fit to the experimental temperatures for ice. 7 freezing. This finding suggests that selection of the manufacturing material of the straw is an 4 important factor that affects cooling rate, as was previously demonstrated by Sansinena et 5 al. [27] . For the semen+extender experiments the h that best fitted all experimental results 6 were in average 145 and 1362 W/m 2 K for film and nucleate pool boiling, respectively. 7 The heat flux (q=h ∆T) as a function of the excess wall temperature (∆T=T wall -T sat ) was 1 determined using the predicted wall temperature of the straw (T wall ) and the h values (Table  2 1). The heat flux for straws filled with ice has a q min value of 19555W/m 2 which corresponds 3 to an excess wall temperature value of ∆T=130.4ºC, being the wall temperature T wall = 4 -65.7ºC.The stable film boiling regime extends up to the point where the heat flux is at its 5 minimum (q min ) corresponding to (∆T) qmin =T wall -T sat . This (∆T) qmin for the tested straw-liquid 6 nitrogen system was in the range of 130-140ºC, that corresponds to a critical wall 7 temperature range (Leidenfrost-temperature transition,T L ) of -66 to -55ºC. 8
In the case of the straw filled with the biological fluid the minimum flux, q min = 21072 W/m 2 9 was obtained at an excess wall temperature ∆T=140.5ºC which corresponds to a wall 10 temperature of -55.52 ºC. When the straw surface temperature becomes lower than this 11 value there is a transition from film boiling to nucleate boiling and the heat flux increases up 12 to a maximum value, afterwards it decreases and ∆T diminishes. is very large temperature difference between the surface and fluid, it is important to predict 15 the minimum excess temperature difference that must exist to sustain that regimen [20] . Eq. (9) is independent of the tube length since its characteristic length is c and was applied 12 by different researchers [14, 19, 18] . 13
The configuration of the solid (vertical, horizontal od in angle) affects the h value [16, 26] .The 14 average h for vertical cylinders is 1.25 times higher than that for horizontal cylinders [26] . The calculated surface heat transfer coefficients for film and nucleate pool boiling during 6 immersion in liquid nitrogen were also corroborated using literature correlations for related 7 systems and configurations. 8
The determination of the different boiling regimes that govern the cooling process when 9 plunging straws in liquid nitrogen constitutes an important issue when trying to optimize 10 cryopreservation procedures. Furthermore, this information can lead to improvements in the 11 design of cooling devices in the cryobiology field. 
